GaN-based light emitting diodes (LEDs) have been fabricated on sapphire substrates with different thicknesses of GaN buffer layer grown by a combination of hydride vapor phase epitaxy and metalorganic chemical vapor deposition. We analyzed the LED efficiency and modulation characteristics with buffer thicknesses of 12 μm and 30 μm. With the buffer thickness increase, cathodoluminescence hyperspectral imaging shows that the dislocation density in the buffer layer decreases from ∼1.3 × 10 8 cm −2 to ∼1.0 × 10 8 cm −2 , and Raman spectra suggest that the compressive stress in the quantum wells is partly relaxed, which leads to a large blue shift in the peak emission wavelength of the photoluminescence and electroluminescent spectra. The combined effects of the low dislocation density and stress relaxation lead to improvements in the efficiency of LEDs with the 30 μm GaN buffer, but the electrical-to-optical modulation bandwidth is higher for the LEDs with the 12 μm GaN buffer. A rate equation analysis suggests that defect-related nonradiative recombination can help increase the modulation bandwidth but reduce the LED efficiency at low currents, suggesting that a compromise should be made in the choice of defect density.
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Original content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. dislocations in the GaN epitaxial layers. On the one hand, the compressive strain induces a strong piezoelectric field and the resultant quantum-confined Stark effect (QCSE) inside the QWs, leading to enhanced electron leakage and Auger recombination [8] [9] [10] . On the other hand, the dislocations serve as nonradiative recombination centers, which further reduce the LED efficiency [10] . Homogeneous growth of LED epitaxial layers on bulk GaN substrates is expected to alleviate these problems, but reducing the cost of thick GaN substrates is still challenging for mass production. In this case, thick GaN buffer layers (e.g. tens of microns of GaN in this work) on sapphire substrates may offer an alternative approach to alleviating these problems, as this can help reduce the dislocation density and relax the compressive strain in the MQWs. Johnson et al reported that LEDs on sapphire substrates with a 15 μm GaN buffer layer grown by metalorganic chemical vapor deposition (MOCVD) had a higher indium concentration than those with a 5 μm buffer layer [11] . Compared with MOCVD growth, a hydride vapor phase epitaxy (HVPE) system could accelerate growth of unintentionally doped GaN (u-GaN)/ n-GaN on sapphire substrates and reduce precursor usage [12] , allowing the cost of the LED growth to be reduced through combining the HVPE and MOCVD growth technologies. GT Advanced Technologies company reported that HVPE could produce n-GaN and u-GaN at a much faster rate than MOCVD, and thus expanded the production capacity and lowered the equipment costs using HVPE. The cost of LED chips could be reduced by as high as 25%. Up to now, systematic studies of LED on sapphire substrates developed by combined HVPE and MOCVD growth technologies have seldom been reported.
In this work, we fabricated and characterized GaN-based LEDs on sapphire substrates with different buffer thicknesses grown by combined HVPE and MOCVD for applications in SSL and VLC. The dislocation density was estimated by cathodoluminescence (CL) hyperspectral imaging. Raman spectra were measured to demonstrate the relaxation of compressive stress within the LEDs which explains the large blue peak shift in the electroluminescence (EL) and photoluminescence (PL) spectra with increased GaN buffer thickness. Based on these characteristics, the external quantum efficiency (EQE) and electrical-optical modulation bandwidth were analyzed using a carrier recombination model. It was suggested that the defects in the LEDs reduced the minority carrier lifetime and such LEDs could be modulated at several GHz [13] , but related high-speed GaN-based LEDs have not been proposed. Based on the experimental and theoretical analyses in this study, the intentional introduction of defects could be an effective approach to improving the modulation bandwidth of GaN-based LEDs for applications in VLC.
Experimental details
Two kinds of LED epitaxial structures were grown on c-plane sapphire substrates by combining MOCVD and HVPE growth techniques. Schematics of the fabricated LEDs are shown in figure 1 . Firstly u-GaN was grown on sapphire substrates by MOCVD with nominal thickness of ∼4.5 μm, and then HVPE was employed to grow thick u-GaN. The total thickness of the MOCVD-GaN and HVPE-GaN buffer layers is ∼12 μm and ∼30 μm, respectively, which was estimated by scanning electron microscope (SEM) images and CL mapping of the sample cross-sections. We have noticed that, in the following analysis, the GaN thicknesses in figure 3 (a) are not exactly 12 μm and 30 μm, as the cross-section for CL mapping is not perfectly smooth for collecting the spectra. The LED structures of the two samples were grown simultaneously by MOCVD, and consisted of a ∼100 nm n-GaN layer, nine InGaN/GaN QWs and a 150 nm p-GaN layer. The nominal thickness of the three QWs at the bottom is 3 nm, and the nominal thickness of the latter six QWs is 4 nm. We started LED processing by depositing Ni/Au (10 nm/25 nm) on the p-GaN, after which reactive ion etching (RIE) and inductively coupled plasma (ICP) etching were used to etch the Ni/Au layers and LED epitaxial layers down to the n-GaN, respectively. After annealing the Ni/Au in purified air to form a current spreading layer, Ti/ Au (50 nm/200 nm) layers were deposited as the p-and n-pads. The size of the fabricated LEDs is 300 μm × 270 μm.
To evaluate the dislocation density of the GaN buffer layer, a field emission gun scanning electron microscope (FEI Sirion 200) was used to acquire room temperature CL hyperspectral images of the HVPE-GaN surface and the LED cross-section. A hyperspectral image refers to a two dimensional array of CL spectra recorded as an electron beam scans across the sample surface [14, 15] . An acceleration voltage of 5 kV, 100 nm or 150 nm scanning steps and a spot diameter of ∼2 nm were used. Each CL spectrum was then fitted by Lorentzian function to get the peak energy, intensity, and width. A Renishaw inVia Raman microscope was used to measure room temperature photoluminescence (PL) spectra of the LED epitaxial layers using a 325 nm laser with excitation power 0.32 mW and to collect the Raman spectra of the GaN layer using a 514 nm or 633 nm laser. The laser spot size was ∼2 μm in diameter. The electroluminescence (EL) spectra were measured using an Ocean Optics USB4000 spectrometer. The light output power was measured under pulsed operation with pulse duration of 100 μs and a duty cycle of 1%, to minimize the LED self-heating effect. The −3 dB modulation bandwidth was measured by driving the LED with a direct current (DC) bias and a small-signal modulation from an HP8753ES network analyzer. The light output power from the LED was detected by a high-speed photo detector, and the frequency response of this signal was recorded by the network analyzer.
Results and discussion

Characteristics of CL, PL and Raman spectra
Figures 2(a)-(d) show the CL mapping results (peak intensity and peak energy) for the 12 μm and 30 μm GaN buffer surfaces. The two samples were prepared by etching away the epitaxial LED layers using ICP. The ICP dry etching was solely used to expose the HVPE-GaN surface in our work, although we note that dry etching may provide another approach to determining the dislocation density when followed by atomic force microscopy (AFM) [16] . The dislocations in the GaN layers play a role as nonradiative recombination centers, and relatively weak CL emission appears from these areas. By counting the dark spots in figures 2(a) and (c), the dislocation densities of the 12 μm and 30 μm GaN buffer surface are estimated to be ∼1.3 × 10 8 cm −2 and ∼1.0 × 10 8 cm −2 , respectively. A previous study has used chemical etching to reveal the dislocations, followed by AFM of the surface to give the dislocation density by counting the surface pit density [17] .
In comparison, the CL mapping approach (while lacking the AFM's resolving power for the closest-spaced dislocations) allows the dislocation density to be obtained without wet etching or dry etching [16, 17] ; this method has previously been reported by several studies [18, 19] . This shows that growing a thicker GaN buffer layer has reduced the dislocation density by ∼30%, which is expected to reduce the dislocation density of the LED epitaxial layers grown on top of the buffer layer. The dislocation density agrees with the trend for the GaN layers with different thicknesses in the literature [20] . Chen et al [17] employed growth techniques of patterned sapphire substrate (PSS), ex situ sputtered AlN and two-step HVPE growth to achieve interruptionfree HVPE-GaN with thickness of 9.7 μm and dislocation density down to 3.45 × 10 8 cm −2 . Although an extra step of MOCVD growth was required in our work, our method offers the potential advantages of growing high quality GaN template or inserting a special GaN layer, e.g. a heavily doped GaN layer. After removing the sapphire substrate by laser lift-off [21] , the heavily-doped GaN layer can be used to form a high-quality n-type contact for vertical structural LEDs. In addition, the average peak intensities of the 10 μm × 10 μm area are ∼1.6 × 10 4 counts/eV and ∼2.4 × 10 4 counts/eV for the 12 μm and 30 μm samples, respectively, which is consistent with the difference in dislocation density. In figures 2(b) and (d), the CL peak energy varies slightly across the scanned areas; however, when the buffer thickness increases from 12 μm to 30 μm, a red shift in the GaN peak energy can be observed which indicates that the compressive strain induced by the mismatch of lattice constants and different thermal expansion coefficients between GaN layers and sapphire substrates was relaxed [22, 23] .
To further investigate the optical and stress properties of the thick buffer, CL maps of the cross-section of the thick buffer layer were obtained and figure 3(a) shows the typical linescan peak energy from the GaN/sapphire interface to the LED surface after fitting the GaN emission spectra. The peak energy shows a fast decrease until ∼5 μm and then fluctuates around 3.415 eV and 3.410 eV for the 12 μm and 30 μm samples, respectively. Assuming that the compressive stress effect is the dominant influence on the energy shift in the CL spectra [22] , the initial fast energy decrease suggests that the compressive stress has largely been relaxed by the MOCVD-GaN layer. The red shift of thicker HVPE-GaN agrees with the red shift of the surface mapping results in figure 2 . The Raman spectra of the HVPE-GaN surface were obtained as shown in figure 3(b) . For unstressed GaN, the E 2 -high mode is typically ∼568 cm −1 , and the biaxial compressive stress σ (in GPa) can be calculated by the frequency shift ω ∆ (in cm
6.2 ω σ ∆ = [24] . The E 2 -high modes of the 12 μm and 30 μm samples after Gaussian fitting are ∼569.2 cm , respectively, indicating stress relaxation of ∼0.08 GPa with thicker buffer layer. It is expected that this relaxation of stress in the GaN buffer layer will reduce the compressive strain in the InGaN/GaN QWs.
Typical PL spectra measured from the LEDs are shown in figure 4(a) . Using a Lorentz fit, the PL peak wavelengths were found to be 469 nm and 448 nm for the LEDs with 12 μm and 30 μm GaN buffers, respectively. With thicker HVPE-GaN, the surface roughness increased [17] , and caused the damping of Fabry-Perot modes in the 30 μm sample. To confirm that this observed shift is due to compressive stress in the LED wafers, Raman spectra were measured from the top p-GaN layer, as shown in figure 4(b) . Note that we have measured more than ten points across the LED wafers for both the PL and Raman spectra, and the results in figure 4 show typical spectra. Using a Gaussian fit, the E 2 -high mode was found to be ∼569.1 cm −1 and ∼568.3 cm −1 for the 12 μm and 30 μm buffer LEDs, respectively. Significant stress relaxation of ∼0.13 GPa is found for the 30 μm buffer LEDs compared with the 12 μm buffer LEDs. Compared with the stress relaxation of thick buffer surface in figure 3(b) , the p-GaN surface shows similar trend after growth of the LED structure. It has been reported that stress relaxation might lead to a higher indium content and a thicker QW [11, 21, 25] . However, our previous work showed that any variations in the QW thickness and indium content was extremely small for similar samples grown on HVPE-GaN [21] , so we assume that the effects of the QW thickness and indium content are not dominant in this work. The mechanisms of the HVPE-GaN stress effect on the LED growth will be further investigated in our future work. Thus, we conclude that the large blue shift (21 nm) observed in the PL peak is mainly caused by the QCSE effect and that the related compressive stress in the QWs was reduced after increasing the GaN buffer thickness. Figure 5 shows the EL spectra of these LEDs at currents from 5 mA to 140 mA, where 140 mA corresponds to a current density of ∼173 A cm −2 . The effect of increasing the buffer thickness is to cause a large blue shift in the EL peak wavelength from ∼470 nm to ∼450 nm, in agreement with the PL results in demonstrating stress relaxation of the InGaN MQWs. An additional blue shift in the EL is seen with increasing current; this is caused by carrier screening and band filling effects, while a smaller blue shift with current increase, from 7 nm to 4 nm with increasing buffer thickness, indicates a relatively weaker piezoelectric field inside the MQWs. This smaller blue shift for the LED with the 30 μm GaN buffer further confirms that the compressive strain relaxation has been greatly reduced. The light output powers were then measured and the corresponding EQEs were calculated as shown in figure 6 . With buffer thickness increase, the EQE improves significantly by 50% at 20 mA and 16% at 140 mA. Here we assume the light extraction efficiency is similar for the two samples and the difference of EQE is mainly caused by the internal quantum efficiency (IQE). On the one hand, the dislocation density reduction in the LED with a thicker buffer layer may lead to a decrease in the defect-related Shockley-Read-Hall (SRH) recombination rate, most significantly affecting the EQE at low currents (approximately those below the EQE peak, e.g. 20 mA) [8] [9] [10] . On the other hand, stress relaxation causes a large efficiency increase of the LED with a thicker buffer layer. At a high current, e.g. 140 mA, the SRH recombination is no longer dominant due to the increased effects of radiative recombination, Auger recombination, electron leakage and other effects [8] [9] [10] , and thus the strain relaxation plays a more important role than the defect effect. However, due to the carrier screening and band filling effects, the piezoelectric field caused by the QCSE was weaker at a higher current, which explains the smaller efficiency improvement at high current densities. In addition, the 30 μm LED may have slightly thicker QWs and higher indium content [21] . A thicker QW could reduce the rate of Auger recombination and increase the LED efficiency at a high current density [26] . A higher indium content may cause a larger QCSE and In phase separation, leading to efficiency reduction [27] . However, as discussed above, the QCSE effect is likely to dominate over the effects of MQW thickness and the InN content. We thus conclude that using a thicker buffer layer will be an effective approach to improving the efficiency for the SLL.
Characteristics under electrical injection
Characteristics of modulation bandwidth
The electrical-to-optical −3 dB modulation bandwidth versus current characteristics of the LEDs are shown in figure 7 . With the buffer thickness increase, it is found that the bandwidth decreased by ∼40% at low current (e.g. 5 mA) and by ∼10% at high current (e.g. 100 mA). The modulation bandwidth f 3 dB can be expressed by f 3 2 3 dB / πτ = , where τ represents the differential lifetime and is related to the carrier concentration n by the equation [8, 28] ,
where A, B and C represent the coefficients of defect-related SRH recombination, radiative recombination, and high-order non-radiative recombination, respectively. The total current I can be expressed as
where the q represents the electron charge and V active the effective volume of QWs in the active region. At low currents (e.g. we choose currents less than 5 mA in this study), the defect recombination (linear term) and radiative recombination (quadratic term) dominate, and then we can derive for LEDs with 12 μm and 30 μm GaN buffers, respectively, which supports the conclusion of increased defect-related SRH recombination for the thicker buffer LED in figure 6 . The higher SRH recombination in the QWs can lead to a higher modulation bandwidth which provides a possible approach to designing high-speed LEDs for VLC, but causes lower light output power and EQE. The competition between these two effects needs to be considered in practical applications in SSL and VLC.
Conclusion
We have fabricated and characterized GaN-based LEDs with different GaN buffer thicknesses of 12 μm and 30 μm grown by combining HVPE and MOCVD techniques. With increasing the buffer layer thickness, the dislocation density in the buffer layer decreases from ∼1.3 × 10 8 cm −2 to ∼1.0 × 10 8 cm −2 , confirmed by CL hyperspectral imaging. A compressive stress relaxation is confirmed by Raman spectroscopy and leads to a large blue shift in peak emission wavelength of the PL and EL. The effects of reduced dislocation density and stress relaxation produce an improved efficiency for the LED with 30 μm buffer thickness. A rate equation analysis shows the defectrelated nonradiative recombination can help increase the modulation bandwidth of the LED with 12 μm buffer thickness at low current, suggesting an approach for increasing the modulation bandwidth for VLC.
